This paper presents and discusses the first results regarding selection, analysis, preparation and eventual integration of a number of energy-related datasets, chosen in order to enrich a CityGML-based semantic 3D city model of Vienna. CityGML is an international standard conceived specifically as information and data model for semantic city models at urban and territorial scale. The still-indevelopment Energy Application Domain Extension (ADE) is a CityGML extension conceived to specifically model, manage and store energy-related features and attributes for buildings. The work presented in this paper is embedded within the European Marie-Curie ITN project "CINERGY, Smart cities with sustainable energy systems", which aims, among the rest, at developing urban decision making and operational optimisation software tools to minimise non-renewable energy use in cities. Given the scope and scale of the project, it is therefore vital to set up a common, unique and spatio-semantically coherent urban data model to be used as information hub for all applications being developed. This paper reports about the experiences done so far, it describes the test area in Vienna, Austria, and the available data sources, it shows and exemplifies the main data integration issues, the strategies developed to solve them in order to obtain the enriched 3D city model. The first results as well as some comments about their quality and limitations are presented, together with the discussion regarding the next steps and some planned improvements.
INTRODUCTION
Among the possible existing definitions of smart city, it is reasonable to expect that a smart city should create sustainable economic development and high quality of life by excelling in multiple key areas such as economy, mobility, environment, people, living and government. However, excellence can be achieved only by strong integration of human and social capital, as well as ICT infrastructure, which enables, among the rest, to better manage the city's assets, to enhance the quality and performance of urban services, to reduce costs and resource consumption and to improve the contact between citizens and government. Within the wide spectrum of above mentioned topics and applications, this paper focuses on the energy-related ones, as they play nowadays a very important role in order to achieve the overall goal of a reduction of CO2 emissions. In the smart city context, some of the current research fields deal with adoption of renewables, smart mobility, smart grids, refurbishment, etc. When it comes to buildings, for example, they consume more energy in total than any other sector. An exact knowledge of the current energy demand and the estimation of the future one according to specific scenarios is therefore of high relevance for energy planning at city scale. Thanks to the constant advances in all fields tied to Geomatics, an increasing number of cities is in the process of creating 3D virtual city models as a means for data integration, harmonisation and storage. A unique and spatio-semantically coherent urban model can provide a multiplicity of beneficial effects for a smart city, as it represents an information hub for further advanced applications ranging from urban planning, noise mapping, augmented reality, up to energy simulation tools (Bahu et al., 2013; Kaden and Kolbe, 2013; Agugiaro, 2015) .
To these extents, CityGML (Gröger and Plümer, 2012 ) is an international standard conceived specifically as information and data model for semantic city models at urban and territorial scale. It is being adopted and used more and more as integrated and coherent information hub for simulations in different scientific fields, e.g. the energy-related ones. Although CityGML lacks specific energy-related objects and attributes, it is possible to extend it by means of so-called Application Domain Extensions (ADE). For this reason, a growing international consortium of urban energy simulation developers and users (14 European organisations from 6 countries as of January 2016) has sought since May 2014 to address this need by developing an Energy ADE for CityGML. Some information about the current status of development will be given in the following sections. The work described in this paper is embedded in the European Marie-Curie ITN project "CINERGY, Smart cities with sustainable energy systems" [CINERGY, 2016] , which aims, among the rest, at developing urban decision making and operational optimisation software tools to minimise nonrenewable energy use in cities. The project involves close collaboration between academic research centres and industrial companies from the energy and software technology sector, as well as the municipalities of Geneva and Vienna, which were chosen for their very ambitious sustainability goals. Given the relevance of the energy themes within the CINERGY project, and starting from a CityGML-based semantic 3D model of Vienna containing mostly only geometries, this paper primarily focuses on describing the tests carried out to understand how to map a number of energy-related datasets available in Vienna to the Energy ADE classes. In addition, as example of an application profiting from the semantically enriched 3D city model, first results are shown when it comes to the estimation of the energy demand for space heating for all residential buildings in the study area.
The paper is structured as follows: section 2 describes the test area and the data sources, section 3 briefly describes the available 3D model used in this work, section 4 gives a short overview of the characteristics of the Energy ADE in its current development status, section 5 deals with the data integration issues, the strategies developed to solve them and create the integrated 3D city model. Section 6 presents the first results as well as some comments about their quality and limitations, while section 7 contains the conclusions and the discussion regarding the next steps and some planned improvements.
TEST AREA AND DATA SOURCES

Test area
Vienna is the capital and largest city of Austria, with a population of nearly 1.8 million. It is composed of 23 districts. The 12 th district of Vienna, named Meidling, was chosen as test case. Given its heterogeneity in shape, structure and characteristics, the district of Meidling was deemed adequate to represent a good test case (Figure 1 ). Meidling spans an area of approximately 8.2 km 2 , it lies just 5-7 km southwest of the city centre and is located nearby the well-known Schönbrunn palace. It is a heavily populated urban area (circa 90000 inhabitants, i.e. circa 11000 inhabitants/km 2 ) with many residential buildings of greatly varying size and typology, but also with large recreational areas and parks. It can be approximately divided into two main parts: the north-eastern one is characterised by a heavily developed urban residential texture, while the south-western one is a more mixed (industrial and light residential) area, which then gradually continues southwards to become the 23 rd district. Meidling represents also an important transportation hub, as the homonymous train station lies quite in the middle of the district and serves as an important connecting hub to many bus, tram and rapid transit (S-Bahn and underground) lines between the city and the surrounding suburbs. 
Spatial data sources
Several heterogeneous datasets were collected, mainly from the already available Open Government Data Wien catalogue [OGD-W, 2016] , which offers among others WFT and WMS services, or were provided by the Municipality of Vienna for the purposes of the CINERGY project (the latter are identified by an asterisk (*) in the following list). In any case, no new data (spatial and non-spatial) were acquired, the explicit purpose being to use as much existing data as possible, and as much publicly available data as possible. All spatial data, where applicable, are geo-referenced according to the MGI/Austria GK East projection (EPSG code: 31256) , which is the one generally used by the city of Vienna. In the following, the data sources will be classified into spatial and non-spatial ones, for better reading. Especially in the case of OGD data, they were already retrieved for the whole city. D1) * and solar panel installations. The datasets contain information about the installed power and the surface of the solar collectors, and the year of installation; D6) *A set of raster maps used for the solar cadastre of Vienna, at 0.5×0.5 m geometric resolution, and consisting in monthly and yearly values of global solar radiation on the roof surfaces, and the corresponding values in terms of potential yield for photovoltaic and solar panel installations (the latter delivered as vector-based maps); D7) A set of raster maps obtained from the solar cadastre of Vienna and representing 3 classes of roof suitability for installation of solar or photovoltaic panel systems; D8) A vector-based maps representing the geothermal potential of the underground at different depths; D9) A raster-based map representing the groundwater thermal potential; D10) A vector-based map of the wind-potential suitability zones;
Non-spatial data sources
The non-spatial datasets used in this work consist of: D11) *An Esri Geodatabase-based dataset containing in a number of tables information for each building such as: -The net floor area classified into different classes (residential, commercial, offices, industry, etc.), -Number of floors above and below ground, -Year or period of construction -The (unclassified) net floor area for each floor, and the type of floor (cellar, ground floor, attic, etc.), -Address and address ID, to link the records to the spatially defined address dataset (D2) -Further (relatively scarce) information regarding presence of ventilation, heating, domestic hot water preparation systems, etc. D12) *A Microsoft Excel file containing the Wiener Wärme Kataster (WWK) data -i.e. the "Vienna Heat Cadastre" -which contain a number of attributes among which: -Address IDs, e.g. to link the records to the spatially defined address dataset (D2); -Estimated values for annual and monthly energy demand and energy consumption for space heating, domestic hot water and electricity; D13) An XML-based file containing information about all Gemeindebauten (social housing buildings) in Vienna, such as: -Address and address ID, -Name of the social housing building, -Year of construction, year of refurbishment, -Number of households, -Name of the architect(s), -Some historical and architectonical information; D14) *For a limited number of residential buildings (64), a Microsoft Excel file containing information about the number of flats in the building, their floor net area and the precise address with door number for each flat. It must be stressed that a considerable number of further datasets is already available over the Open Government Data Wien platform. These datasets are surely worth to be integrated into a city model, however they will not be treated in this paper as they are -for now -out of scope.
THE 3D CITY MODEL
The CityGML-based semantic city model of Meidling is itself the product of a data harmonisation and integration process and acts as a prerequisite for the work described in this paper. Originally, a set of CityGML files containing buildings modelled only in LoD2 was delivered by the city of Vienna within the framework of the CINERGY project. The dataset is not currently publicly available yet, as internal data quality and consistency checks are still being carried out prior to the official publication. Nevertheless, the whole dataset (1460 tiles) was used in this work for testing purposes, in order to explore and test the data, and prepare in advance the required data integration procedures. Once the quality tests will be complete, the "official" CityGML dataset will be used instead of the current one. Giving a detailed description of the 3D model is beyond the scope of this paper, however further details can be found in Agugiaro (2016) . In the following, only the main characteristics will be mentioned. The 3D model of Meidling contains buildings modelled in LoD0, LoD1 and LoD2. Buildings are modelled either as multipart objects, i.e. as a composition of CityGML BuildingParts, or as simple single-part objects. For some buildings, architectonical elements like "flying roofs" are added as Building Installations in LoD2. Examples of possible problematic cases that may arise when automatically generating single or multi-part buildings from the input datasets are presented in Figure 2 . Case a) is a correct building, cases b) and c) represent groups of buildings that should be separated, while case d) is a building modelled as a single geometrical object, although in reality it generally corresponds to a complex "agglomerate", made up of several parts. For the cases b) and c) a hierarchical reclassification of the input geometries had to be carried out, while for case d) the only solution would be to split the geometries (e.g. with a sort of vertical cut like and ideal cookie cutter), and then classify them again. It was however decided not to solve case d) as this operation would break the consistency with the original data from the Municipality of Vienna. All 52 CityGML tiles were reprocessed: the reclassification and regrouping led to 7390 CityGML buildings, of which 39.6% are single-part buildings and the remaining are multi-part buildings. 
THE ENERGY ADE
When dealing with urban energy modelling, a number of open model standard exists, the common goal being to ease interoperability between heterogeneous software platforms. However, they are strongly dependent on the scale and application domain they are conceived for. (Nouvel et al., 2015) . The Energy ADE focuses on the building, its physical properties and the systems installed in it. It is not meant to cover urban centralized energy infrastructures, like district heating system or gas network, as they are already represented by the CityGML Utility Network ADE (Becker et al., 2013) . Nevertheless, the Energy ADE allows for interfacing with the utility networks through substation node objects. The Energy ADE is structured in a modular way. For space reasons, only a limited number of classes relevant to the work presented in this paper will be briefly presented. 
DATA INTEGRATION AND "ENRICHMENT" OF THE 3D CITY MODEL
All spatial and non-spatial datasets briefly described in section 2 were explored to identify potential issues with regards to their integration. One goal was to enrich the geometries (in LoD0, LoD1 and LoD2) by means of attributes from the existing datasets in order to create a unique data source as coherent and "clean" as possible.
One further goal was to test how and to which extent the available datasets can be mapped to the Energy ADE, or whether and how the Energy ADE can be further enhanced. In order to facilitate data exploration and analysis, all datasets were first imported into a PostgreSQL 9.4 database with the PostGIS 2.2 extension. All 52 CityGML tiles were imported into the already predefined citydb schema using the freely available 3DcityDB tools. The UML diagram of the Energy ADE was used as reference to design and add the database entities and relations needed for the Energy ADE.
Once the mapping between the input datasets and the destination CityGML/Energy ADE entities was completed, the data integration process was carried out by means of a series of workbenches in Safe Software's FME 2015 Professional or as SQL scripts. Not all available datasets and their integration will be described in detail, but only those where relevant issues were identified and solved. Although applied only to the study area in Meidling, all integration strategies were conceived to be replicable in any part of the city. First of all, due to the publication as Open Government Data of the official dataset with all addresses for Vienna (dataset D2 in section 2.1) by December 2015, and due to the delivery from the city of Vienna of the detailed data for each building (D11) shortly before, it was decided to replace most of the attributes already integrated in the CityGML tiles with the content of the new datasets, which were deemed more reliable and updated. Nevertheless, the original GenericAttributes lod2Volume, lowestEavesHeight and ridgeHeight were mapped to the corresponding ones in the Energy ADE building class. Given the lack of any common key between the addresses and the building geometries, the only integration strategy relied on simple spatial overlay. For this reason, a check was carried out to identify whether and how many points really fall within the footprints of the buildings. Thanks to this check, which was one of the most time-demanding in the whole pipeline, the wrong point geometries for Meidling were edited and -if necessarymoved manually, as no unique, satisfying and reliable automatic criterion could be found to assign a point to the corresponding building geometry. An example can be seen in Figure 5 . Once these checks and edits were finished, for the study area of Meidling the number of points correctly falling inside a building polygon rose from 88.9% to 95.4%, out of 7456 total points. For some addresses it was possible to extract information about the name of the building or its usage (museum, hospital, etc.) and to assign it to the CityGML building_usage attribute. As a consequence, the geo-referenced dataset containing all addresses was used also in successive steps, as it represents the actual link between the building geometries and other nonspatial datasets, whenever no other data integration technique is possible but spatial overlay. For example, when it comes to the buildings dataset (D11), the year of construction, the number of storeys above and below ground were mapped to standard CityGML attributes. For each building, and for each class of net floor area in that building, a UsageZone object was created and the corresponding value of net floor area stored. The area classification (residential, office, etc.) was also mapped to the Figure 5 . Example of addresses falling outside the building geometries (in red) and after editing (in green) building_function attribute in CityGML. From the connected dataset containing the (unclassified) net floor area for each floor, the floor classification information was used to defined whether a building has a conditioned attic or not, thus mapping this information to the Energy ADE atticType attribute for the buildings.
With regards to the WWK dataset (D12), the yearly and monthly values of energy demand and consumption for heating, cooling and electricity where stored as EnergyDemand objects using the datatype for time series provided by the Energy ADE. With regards to the social housing dataset (D13), the information about the type and date/period of refurbishment could be stored in the corresponding entities of the Energy ADE. The name, the building usage, the date of construction were mapped to standard CityGML attributes. For dataset D14, the detailed information about net floor area and precise address of each flat where mapped to Energy ADE BuildingUnit objects, in relation to the corresponding UsazeZone classified as "residential".
In case of the spatial data, dataset D3 representing the land-use for the whole city of Vienna was imported as CityGML LandUse objects. From dataset D4 information was extracted and mapped to standard CityGML building_name and building_usage attributes. For dataset D5, the data about the installed photovoltaic and solar thermal systems were mapped to PhotovoltaicSystem and SolarThermalSystem objects (energy systems module) in the Energy ADE. From the rasters in dataset D6, the monthly and yearly values of global solar irradiance on each roof surface where computed and mapped to the Energy ADE _BoundarySurface attribute globalSolarIrradiance as time series data. The raster maps in dataset D7 were instead used for visualisation purposes in that they were applied as textures to the roof surfaces. An example is shown in Figure 6 . The remaining datasets (e.g. D8, D9 and D10) have not been integrated in CityGML (yet), but nevertheless they were harmonised and stored in the same PostgreSQL database. The reason for this is that values of potentials (geothermal, windpotential, etc.) are not currently modelled in the Energy ADEalthough they can indeed be already stored natively simply as GenericObjects or GenericAttributes in CityGML. Nevertheless, this is one of the points that will be discussed for future Energy ADE releases.
RESULTS
At the end of the integration process, nearly all of the available datasets listed in section 2 could be integrated into the 3D city model. The Energy ADE, in its version 0.6 at the time of writing (January 2016), made it possible to store nearly all feature and attributes that were deemed meaningful to be added to the city model. When it comes to completeness of the attributes, some initial tests and visual inspections were carried out to check the overall results of the data integration process. In the following, some attributes are discussed. Percentages are referred to the total number of buildings in the Meidling city model (7390). Regarding the building function, completeness accounts for about 81.3% of all buildings, however some inconsistencies were found. For example, it was observed that a church is assigned only residential net floor area, or that in a school there is net floor area for offices, but no net floor area classified for education. For the building usage, the information contained is indeed detailed and no relevant errors were found, however it is quite scarce as it accounts for only 5.3% of all buildings. One reason for this is that information about private residential buildings is not included in the original input datasets, unlike other classes like schools, cinemas, offices, etc. With regards to the year of construction, about 81.4% of all buildings have this information. For the number of storeys above ground, completeness accounts for about 81.3% of all buildings (78.8% for number of storeys below ground), however some errors were found by means of simple visual inspection and comparison with Google Maps (oblique views). For this reason, a check routine is being implemented which confronts the given value with a computed one. This will help identify and possibly correct gross discrepancies. Finally, a comparison was carried out between the total net floor area of 64 buildings, for which data are available both from dataset D11 and D14. On average, the D14 net floor areas values are 2.1% bigger than the D11 ones, however with significant discrepancies especially with smaller buildings. An excerpt with only 9 buildings is presented in Table 8 . A number of other checks is in preparation to identify other inconsistencies and help correct them.
In order to test and exploit the added value of a harmonised and unique data source, an application was developed to estimate the energy demand for space heating of all residential buildings in the test area in order to obtain a city-wide energy mapping of the (residential) built environment. For example, thanks to the availability of the LoD2 geometries, all shared walls (between adjacent BuildingParts and between adjacent buildings) could be computed and classified. The availability of the Energy ADE allowed to compute the geometries of the ThermalZone once and to store them for future retrieval and further use (Figure 9 , top).
The energy demand was computed on the basis of the guidelines issued by the Austrian Institute of Construction Engineering and starting from the semantic 3D city model which acted as information hub containing the required spatial and non-spatial data (Figure 9 , bottom). All relevant implementation steps, the first results, the planned enhancements and the future steps are described in details in Agugiaro and Möller (2016 Table 8 Example of total net floor area for each building according to datasets D11 and D14 and their difference Figure 9 . Top: Shared walls between adjacent buildings (in red) and between adjacent BuildingParts (in green). Bottom: Annual energy demand for space heating of residential buildings. Colours correspond to energy classes as in the guidelines issued by the Austrian Institute of Construction Engineering
CONCLUSIONS AND OUTLOOK
Within the wide spectrum of smart cities topics, this paper has dealt specifically with the adoption of an open and standard data model for semantic 3D virtual city models (CityGML), as well as its extension by means of an Energy Application Domain Extension (ADE), in order to enhance interoperability in the context of energy applications. A district in the city of Vienna was used as test case study. In particular, this paper has dealt with two specific aspects: 1) information fusion of heterogeneous data sources into one consistent semantic 3D city model, and 2) discussion of concrete data integration issues which can be used as best practice and an indicator for the efforts that other cities would have to reckon with for a similar approach. The integrated, semantic, 3D, virtual, and CityGML-based city model of the city of Vienna is now "energy-aware", in that it integrates also energy-relevant features and attributes. The heterogeneity of input datasets has proven the versatility of the Energy ADE to accommodate a valuable number of energyrelated data. Although, in general, data have been gathered for the whole city, the district of Meidling was chosen as study area: tests were carried out in order to acquire knowledge about the data, gather experience how to prepare and (re)structure them in order to facilitate the data integration process. The main data integration issues (semantic and structural problems, cardinality and geometry issues, etc.) were identified, a set of rules was set to overcome most of these issues. A stepbased workflow was implemented that allows to obtain a semantic 3D model based on the CityGML standard and adopting the Energy Application Domain Extension to store specifically energy-related features and attributes. Therefore, the results obtained and the experience gathered so far are satisfactory and will be further exploited when extending the approach to the whole city. The Energy ADE, in its version 0.6, has shown no significant drawbacks, nevertheless further improvement can be achieved only by means of testing with real-life situations. To this extent, the case study of Meidling has contributed positively to the further development process of the Energy ADE. Some of the aspects that need to be further tackled are for example how to coherently store information about buildings protection levels (e.g. cultural heritage buildings), as this might reduce/influence the refurbishment alternatives, or how (and whether) to store information about energy potentials. In order to test and exploit the added value of the harmonised and unique data source, an application was developed which estimates the energy demand for space heating of all residential buildings in the study area, in that it retrieves nearly all required input data from the city model, and it further benefits of it by storing back results as well as further intermediate processing results (e.g. shared walls), thus eliminating the need to compute them again every time a simulation is run. Nevertheless, the application mentioned in this paper is to be intended only as an example, as the 3D city model could to be used in a number of other applications, given its open standard and its deliberately application-independent nature. In the near future, the "energy-aware" city model will be coupled to further energy-related software tools (e.g. EnergyPlus) , in order to exploit the functionalities of full-fledged dynamic simulation tools and to further refine the simulation results. At the same time, different energy scenarios could be defined and their effect on existing infrastructures (e.g. district heating) estimated.
